Giardia lamblia is an intestinal protozoan parasite that causes both epidemic and endemic diarrhea in humans worldwide (1) . In addition to its medical importance, this organism is interesting from the evolutionary perspective. Unlike the vast majority of eukaryotic cells, Giardia lacks mitochondria and peroxisomes. These features, together with phylogenetic analyses based on the sequences of its small-subunit ribosomal RNA (2) and translation elongation factor la (3) , place Giardia on one of the earliest branches of the eukaryotic evolutionary tree.
The absence of a sexual stage in the Giardia life cycle has precluded the use of the powerful tools of classical genetics to study several novel cellular and molecular biological attributes of this primitive eukaryote. Thus, the ability to manipulate Giardia genetically would greatly enhance studies of surface antigenic variation (4) , the biogenesis of the Golgi apparatus during development (5, 6) , and the differentiation of the organism into the highly infectious cyst form. Furthermore, preliminary studies suggest that the regulation of transcription in this organism may differ from that of other eukaryotes. There are no typical eukaryotic promoter sequences, such as TATA boxes, conserved in the 5' flanking sequences of Giardia genes, and the mRNAs contain unusually short (1-6 nt) untranslated leader sequences, suggesting that transcription initiates close to the translation start codon (7, 8) . As the development of DNA-mediated transfection has accelerated progress in the analysis of other medically important parasites (9-16), we initiated this study to develop such a system for G. lamblia.
The DNA constructs used in this study employed firefly luciferase as a reporter gene situated between the 5' and 3' flanking sequences of the Giardia glutamate dehydrogenase (GDH) gene. The advantage of using the GDH gene is that it has been extensively studied: the GDH gene is present as a single copy in the Giardia genome, it is expressed constitutively in growing and encysting organisms, and the transcription start site and polyadenylylation site have been mapped (17, 18) . Furthermore, the 5' flanking sequence of the GDH gene contains sequence motifs which are not found in higher eukaryotes but are conserved among other Giardia genes (19) . Proteins from Giardia nuclear extracts bind specifically to these Giardia-specific motifs (19) . It thus seemed likely that the 5' and 3' flanking sequences from the GDH gene would be sufficient to allow the expression of the luciferase gene or other heterologous genes in Giardia.
MATERIALS AND METHODS
Plasmid Construction. The plasmids discussed below are illustrated in Fig. 1 . Two plasmids, P11 and pGEM-luc, were used as the basis for the construction of all transfection plasmids. P11 is a pGEM-3Zf(-) vector (Promega) carrying a 2.29-kb genomic DNA fragment from G. lamblia (Portland-1 isolate) that contains the entire coding region of the GDH gene (1350 bp) and its accompanying 5' (820 bp) and 3' (120 bp) flanking sequences. This plasmid has been described previously (17) and the insert sequence is available in GenBank (M84604). The pGEM-luc plasmid (Promega) was used as the source for the luciferase gene.
P11/LUC is the P11 plasmid with the luciferase gene inserted in-frame within the GDH coding region. The luciferase gene was amplified from the pGEM-luc plasmid by PCR using oligonucleotide primers with Pvu II sites incorporated in their 5' ends (primer LUC 1A, 5'-AAGACTCCAGCTGG-GAAGACGCCAAAAACATAAAG-3'; primer LUC 2B, 5'-TTCGATACAGCTGTACAATTTGGACTTTCCGCCCT-3'). These Pvu II sites replace the translation start LUC/Clal-del, 5 '-ATGAATTGGAATCGATATTGTTA-CAA-3'; primer LUC/XhoI-del, 5'-ATGAATCTCGAG-CAATTTGGACTTTCCGCCCT-3').
The plasmid 3'A2 resulted from the removal of the remaining 67 GDH codons situated downstream of the luciferase gene in 3'AL. This deletion joins the luciferase gene to the GDH stop codon. To make this deletion, 3'A1 was digested with Xho I and Kpn I to release a 325-bp fragment containing the 67 amino acid codons of the GDH gene, its associated translation stop codon, 3' flanking sequence, and a small piece of the plasmid vector sequence. This 325 bp fragment was replaced with a 131-bp fragment containing the GDH stop codon, the 3' flanking sequence, and a small piece of the plasmid vector sequence. The 131-bp fragment was generated by PCR amplification from the 3'Al plasmid with a 5' primer incorporating a newXho I site immediately upstream of the GDH stop codon and a 3' primer encompassing an endogenous Kpn I site in the vector plasmid (primer GDH/XhoI-del, 5'-ACATT-GCTCGAGTGAGGGCTGAAGTGAATATTTA-3'; primer GDH/KpnI-del, 5 '-ATGAATGGTACCAGCTGATCG-GCGCCGGGATGGG-3').
The 3'A3 plasmid has a deletion of the 3' flanking sequence of the GDH gene immediately downstream of the translation stop codon in 3'A2. To make this deletion, 3'A2 was digested with Xho I and Kpn I to release a 131-bp fragment containing the GDH stop codon, 3' flanking sequence, and a small piece of the plasmid vector sequence. The 131-bp fragment was replaced by a short oligonucleotide duplex containing the GDH stop codon flanked by restriction enzyme sites for Xho I (on the 5' side) and Pvu II, Mlu I, and Kpn I (on the 3' side). The oligonucleotide duplex was generated by annealing two complementary oligonucleotides (GDH/MSC-3'delA, 5'-TCGAGTGACAGCTGACGCGTGGTAC-3'; GDH/MSC-3'delB, 5'-CTCGCGTCAGCTGTCAC-3').
The 5'A2 plasmid has a deletion of the 5' flanking sequence of the GDH gene immediately upstream of the translation start codon in 3'A2. To make this deletion, 3'A2 was digested with Hindlll and Xba I to release two fragments: (i) a HindIII fragment (603 bp) containing a short piece of the vector sequence and a portion of the 5' GDH flanking sequence and (ii) a HindIII-Xba I fragment (324 bp) containing the remainder of the 5' flanking sequence, 18 GDH codons (including the start codon), and a short piece of the luciferase gene. Both fragments were replaced by a 126-bp fragment containing the 18 codons of the GDH gene and the short piece of luciferase gene. The 126-bp fragment was generated by PCR amplification from the 3'A 1 plasmid with 5' primer incorporating a new HindlIl site immediately upstream of the GDH start codon and a 3' primer encompassing an endogenous Xba I site in the luciferase gene (GDH/HindIII-del, 5'-ACATTGAAGCTTA-TGCCTGCCCAGACGATCGA-3'; LUC/XbaI-del, 5'-TCC-ATCCTCTAGAGGATAGAATGG-3').
The plasmid 5'A2/3'A3 is the 3'A2 plasmid with the 5' and 3' flanking sequences deleted but with the translation start and stop codons of the GDH gene left intact and in-frame with the luciferase gene. This plasmid was generated by repeating the identical steps described for the construction of 5'A2 on the plasmid 3'A3. The 18 codons of the GDH gene upstream and in-frame with the luciferase gene remain intact in all P11/ LUC-derived plasmids.
Plasmid DNA was purified by double centrifugation on cesium chloride gradients. Amplifications were performed with Vent DNA polymerase (New England Biolabs) to minimize misincorporation of nucleotides. All amplified fragments and cloning junctions used in plasmid constructions were checked by DNA sequencing. Electroporation. G. lamblia isolates Portland-1 (P-1) (20), WB/1267 (21) , and GS/H7 (22) were used in these studies.
Trophozoites were grown at 37°C in TYI-S-33 culture medium (23) containing penicillin (100 units/ml) and streptomycin (100 ,tg/ml). Cells were harvested at mid-to-late logarithmic phase by chilling the culture tubes in ice water for 10 min and collected by centrifugation (1000 x g for 10 min at 4°C). The cells were washed once in culture medium and resuspended to a final concentration of 3.33 x 107 cells/ml in culture medium. An aliquot of the concentrated cell suspension (300 ,ul containing 107 cells) was transferred to a 0.4-cm-gap electroporation cuvette and placed on ice. Plasmid DNA (50 ,ug) was added and the cells were immediately electroporated at 350 V, 1000 ,uF, and 720 fl (low-voltage setting on a BTX Electro Cell Manipulator 600). The cuvette was placed back on ice for 15 min before the cells were added to 15 ml of culture medium in a capped glass culture tube.
Luciferase Assay. Cells were incubated at 37°C for 6 hr after electroporation, chilled, and collected by centrifugation as above. The cells were washed once in phosphate-buffered saline (1.7 mM KH2PO4/5 mM Na2HPO4/0.15 M NaCl, pH 
RESULTS
Electroporation Conditions. Three different sets of electroporation conditions were initially tested to determine those that allow transfection of Giardia trophozoites (Table 1) .
These conditions were derived from those which were successful in transfecting Toxoplasma gondii (set 1) (14), Entamoeba histolytica (set 2) (16), and mammalian cells (set 3) (25) . The range of voltages used under each set of conditions was based on values required for 40-60% survival of the Giardia cells electroporated, as assayed by determining the proportion of adherent cells 1 hr after electroporation. The P-1 isolate of G. lamblia was used initially, since the GDH gene used in the transfection constructs was cloned from this isolate. A mock electroporation (at zero voltage) was performed under each set of conditions to measure background luciferase activity. Although luciferase activity above background was detected for all voltages tested under all three conditions, the settings used for mammalian transfection at 350 V (set 3) were clearly superior. Therefore, these settings were used in all subsequent Giardia transfections.
Dependence of Luciferase Activity on GDH Flanking Sequences. A series of plasmids was constructed for use in electroporations (Fig. 1) . The (Fig. 1) . Since the 3'A2 construct gave the highest luciferase activity when electroporated into Giardia, it was used in subsequent experiments.
A series of plasmids was also made for use as controls. The plasmid 3'A3 is missing the 3' flanking sequence and 5'A&2 is missing the 5' flanking sequence of the GDH gene. The plasmid 5'A2/3'A3 is missing both the 5' and 3' flanking sequences of the GDH gene. All control plasmids-along with the pGEM-luc plasmid, which lacks Giardia sequences gave luciferase activity much lower than the test plasmids (P11/ LUC, 3'A1, and 3'A2) when electroporated into Giardia cells (Fig. 1) .
Luciferase DNA Dose Dependence and Time Course. Luciferase activity increased in proportion to the amount of 3'A2 DNA electroporated over the range 0-50 ,ug (Fig. 2) . To determine the time required for maximal expression of luciferase activity, Giardia cells were transfected with 50 ,g of 3'A&2 DNA, and cell lysates were prepared and assayed after the cells were cultured for various times (Fig. 3) occurred at 6 hr and decreased to 13% of the peak value by 24 hr after electroporation.
Electroporation of Various Giardia Isolates and Transfection Controls. Giardia isolates WB/1267 and GS/H7 were transfected with 3'A2 under the same electroporation condition as for P-1 ( Table 2) . Luciferase activities for both P-1 and WB/1267 were similar but were 40% lower for GS/H7.
Several control experiments were performed to ensure that the luciferase activity observed after electroporation was due to transfection of Giardia and not transfection of possible bacterial contaminants. When cycloheximide, an inhibitor of eukaryotic protein synthesis, was included in the culture medium after electroporation, luciferase activity was reduced to <1% of the value obtained when no cycloheximide was added (Table 2) . Aliquots (100 ,ul) of the Giardia culture, both before and after electroporation, were spread onto LuriaBertani (LB) agar plates and inoculated into LB medium. No bacterial growth was observed on either the LB plates or the medium after incubation at 37°C for 2 days. To ensure that the DNA used in the electroporation was not contaminated with luciferase mRNA produced by the bacterial host during plasmid purification, 3'A2 DNA was treated with RNase prior to its use in electroporation. Luciferase activity obtained from the electroporation with the RNase-treated DNA was the same as the activity from the untreated DNA (Table 2 ). To ensure that the DNA used in the electroporation was not contaminated with luciferase protein produced by the bacterial host during Luciferase activity was the highest for 3'A2 among the different plasmids tested; its activity is 28-fold and 12-fold higher than for P11/LUC and 3'A1, respectively. Although the three plasmids are similar, 3'A2 contains the least amount of the GDH coding region. Luciferase activity appears to be inversely correlated with the amount of GDH coding region remaining in the transfection plasmid. This correlation may be due to the effect of increased interference on the correct folding of the luciferase portion of the luciferase/GDH hybrid protein with increasing amounts of GDH protein fused to the carboxyl terminus. The 18 GDH codons in frame with and in front of the luciferase gene were left intact in the three plasmids (P11/LUC, 3'A1, and 3'A2) because the inclusion of a similar region in the constructs for Entamoeba transfection gave markedly enhanced expression of the luciferase reporter gene (16) .
The highest luciferase activity is also associated with the inclusion of both 5' and 3' flanking sequences of the GDH gene, as in 3'A2. When the 5' flanking sequence was removed (5'A2), luciferase activity decreased by 600-fold versus 3'A2. This decrease in luciferase activity is most likely due to the removal of the transcription start site and possible promoter sequences associated with the 5' flanking sequence (17, 19) . The 3' flanking sequence contains the putative signal and site for polyadenylylation of the GDH transcript, and these sequences are likely to be required for efficient processing of the luciferase transcripts (17) . However, when the 3' flanking sequence was removed (3'A3), luciferase activity decreased only 6-fold versus 3'A2. We suspected that a cryptic polyadenylylation signal in the vector backbone, located 37 bp downstream from the GDH/luciferase stop codon, is being used in 3'A3. This cryptic signal (AGTGAGT) is only a single nucleotide different from the putative Giardia polyadenylylation consensus sequence (AGTRAAPY). Nevertheless, until the polyadenylylation site of the 3'A3 transcript has been determined, we cannot exclude the possibility that Giardia transcripts, like those of the trypanosomatids (26), do not have a strict sequence requirement for polyadenylylation. As would be expected, the most dramatic decrease in luciferase activity (3000-fold) was observed when both the 5' and 3' flanking sequences were removed (5'A2/3'A3 versus 3'A2). Compared with the electroporation controls, the plasmid 3'A2 gave a luciferase activity 4000-fold higher than that of pGEM-luc, which does not contain any Giardia sequences, and 50,000-fold higher than when no DNA was transfected.
Three different isolates of Giardia-P-1, WB/1267, and GS/H7-were successfully transfected by the same protocol.
Giardia isolates can be classified into three groups based on their differences in reactivity to monoclonal antibodies directed against different cell surface antigens and on restriction fragment length polymorphisms detected with defined and nondefined DNA probes (27) . Both the P-1 and WB/1267 isolates are in group 1, and the GS/H7 isolate is in group 3.
Since group 3 Giardia isolates are the most divergent and transfection was achieved in a representative of this group (GS/H7), it is likely that the transfection protocol developed here would be suitable for most Giardia isolates.
The possibility that the luciferase activity observed after electroporation was due to an artifactual transfection of contaminating bacteria rather than to Giardia can be excluded by a number of factors. First, two broad-spectrum antibiotics, penicillin and streptomycin, were included in the culture medium before and after electroporation. Second, no bacterial growth was observed on either LB agar plates or LB medium that had been inoculated with Giardia culture medium before and after electroporation. Third, the settings used for Giardia electroporation are not suitable for bacterial transfection, which requires a much smaller capacitance and a higher voltage. Fourth, when cycloheximide, a selective protein synthesis inhibitor of eukaryotes, was present in the medium after electroporation, luciferase activity was drastically reduced. It is also unlikely that the luciferase activity observed was due to contaminating luciferase mRNA or protein in the DNA preparations. Treatment of the DNA with RNase prior to electroporation had no effect on luciferase activity, and assays of the DNA alone showed no luciferase activity.
This transient transfection method will be useful in identifying promoter elements important in expression of Giardia genes and in developing stable transfection. With this tool, new insights into the biology of this medically and phylogenetically important organism will be more easily obtained.
